We report the first experimental demonstration of vibrational mode-dependent enhancement in photodissociation and photoionization of a seven atom molecule, methylamine ͑CH 3 NH 2 ͒. The fundamental C-H stretches and the overtones or combinations of CH 3 bends were prepared via stimulated Raman excitation ͑SRE͒ prior to their 243.135 nm one-photon dissociation or two-photon ionization. The photodissociation or photoionization of the vibrationally excited molecules was achieved via 10 ns delayed or temporally overlapping SRE and UV pulses, respectively. It is shown that bending modes are more effective than stretches in promoting photodissociation and photoionization, since their UV excitation is favored by larger Franck Condon factors. This behavior provides clear evidence for vibrational mode-dependence in a relatively large molecule with a torsional degree of freedom, indicating that these modes survive intramolecular vibrational redistribution on a time scale considerably longer than hitherto inferred from previous studies. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2362816͔
reactive environments, key questions regarding the effects of reagent vibrations on the outcome and dynamics of chemical transformations remain ambiguous. It is anticipated that internal motion might be a key player in photodissociation and photoionization processes, provided that two principal requirements are fulfilled: excitation of a specific mode or bond and localization and preservation of the excitation until the process occurs. Therefore, it would be interesting to perform a comparative study on the effect of nearly isoenergetic initially prepared stretch and bend vibrations on photodissociation and photoionization. Preparation of these isoenergetic levels is within reach by exciting fundamentals of C-H stretches and overtones or combinations of CH 3 deformations.
The present work examines the influence of distinct types of initial vibrational excitation on the photodissociation and photoionization of methylamine, CH 3 NH 2 . C-H fundamental stretches and overtones or combinations of CH 3 deformation were studied. We chose methylamine as a prototype since it is the simplest primary amine and is ubiquitous in organic and biological compounds. It is an attractive candidate also because of its two strongly coupled large amplitude motions, namely the torsion of the methyl top and the inversion of the amine group 10 and its interesting dynamics and photophysics. [11] [12] [13] [14] [15] Particularly, loss of H photofragments from methylamine was suggested to occur via N-H and C-H bond rupture, the former being the dominant one.
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Release of H atoms was thought to be through tunneling via an early barrier in the N-H dissociation coordinate and evolution into the region of the conical intersection ͑CI͒ between the first excited electronic state, Ã , and the ground electronic state, X , surfaces, at geometries for which the NH 2 and one of the C-H bonds are coplanar.
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Here we report the first study of photodissociation and photoionization of vibrationally excited methylamine. The vibrational excitation is induced by stimulated Raman excitation ͑SRE͒ 18 followed by 243.135 nm one-photon dissociation or two-photon ionization. Our data reveal that initial vibrational excitation results in increasing the yield of H photofragments or ionized parent molecules. These results offer the first direct comparison of the effect of C-H stretch and bend excitation on both photodissociation and photoionization, providing evidence for mode-dependence in both processes in methylamine.
The experiments were performed in a molecular beam apparatus assembled to study photodissociation or photoionization of vibrationally excited molecules. 19 A skimmed supersonic molecular beam of the sample was formed by expanding methylamine in argon ͑ϳ5% at a pressure of ϳ760 Torr͒ into a vacuum chamber through the orifice ͑ϳ0.08 cm diameter͒ of a solenoid-driven pulsed molecular beam valve. The molecular beam was intersected by three laser beams: visible and IR ͑pump and Stokes͒ for SRE and UV for promoting the energized molecules to the upper potential energy surface and for subsequent H photofragment detection or parent ionization. The tunable Stokes, S , and pump, p , beams for SRE were obtained from the signal and idler of an optical parametric oscillator ͑OPO͒ pumped by the third harmonic of a seeded Nd: YAG laser. The spatially and temporally overlapped SRE beams were focused onto the interaction region of a time-of-flight mass spectrometer ͑TOFMS͒. The counterpropagating UV beam at 243.135 nm was obtained from the doubled output of a tunable dye laser a͒ The Helen and Sanford Diller Family Chair in Chemical Physics.
b͒ Author to whom correspondence should be addressed. Electronic mail: ibar@bgu.ac.il pumped by the third harmonic of another Nd: YAG. This wavelength was chosen since H photofragments probing was performed via ͑2+1͒ resonantly enhanced multiphoton ionization ͑REMPI͒ through the 2s 2 S ← 1s 2 S two-photon transition. For H photofragments detection, the SRE beams preceded the UV beam by 10 ns, while for REMPI of the parent they temporally overlapped. The full width at half maximum of all beams was ϳ5 ns. Ions formed via REMPI were extracted, accelerated and passed through two pairs of orthogonal deflectors and an Einzel lens prior to entering the fieldfree drift region and eventual detection by a microsphere plate. The detector output was fed into a digital oscilloscope, a boxcar integrator and passed to a personal computer for further analysis. SRE dependent action spectra of H photofragments or REMPI spectra of methylamine were obtained by sampling the H ion yield or the REMPI signal of the parent, respectively, while scanning the p and S laser wavelengths and fixing the UV laser wavelength at 243.135 nm. It should be noted that under our experimental conditions no clusters were observed in the acquired mass spectra, implying release of the H photofragments only from the methylamine parent.
In addition, simultaneously with the H action spectra or methylamine REMPI spectra, the vibrational excitation was recorded via photoacoustic Raman spectroscopy ͑PARS͒ 20 of room temperature parent at pressures of ϳ50 Torr. The acoustic signal produced by the vibrational excitation was monitored by an additional boxcar channel and passed to the computer. This signal was employed for obtaining the PARS spectrum, thus determining the extent of the vibrational excitation and calibrating the SRE wavelength. The calibration was performed by comparing the PARS wavenumber corresponding to the CH 3 stretch ͑ 3 ͒ to that obtained in the Raman spectrum. 21 The effect of differing skeletal motions on photodissociation of methylamine was determined by scanning the SRE laser beams across the 2770-3015 cm −1 range. A representative room temperature PARS spectrum ͓Fig. 1͑a͔͒ shows two prominent features, and in between and nearby some additional weak features. The main bands are related to the Q-branches of the degenerate CH 3 stretch ͑ 2 ͒ at 2961 cm −1 and the CH 3 symmetric stretch ͑ 3 ͒ at 2820 cm −1 . The features corresponding to these two modes are narrowed and enhanced in the action spectrum, Fig. 1͑b͒ , monitored at significantly lower temperature ͑15 K͒, but surprisingly the small features are enhanced even more, representing intensities of the order of that of the stretches. It should be noted that the action signal arises from the contribution of both the SRE enhanced photodissociation of methylamine and from the photodissociation of vibrationless ground state molecules ͑baseline in panel ͑b͒͒, while the PARS spectrum reflects the SRE excitation only. This implies that the hardly observed bands in the PARS that become prominent in the action spectrum acquire their intensity during the UV excitation or the photodissociation process.
These bands were previously noticed by Purnell et al. 22 in their IR and Raman study of methylamine in nitrogen matrices and were attributed to combinations and overtones of the CH 3 antisymmetric and symmetric deformations. However, since our spectrum is not completely compatible with theirs and the fundamentals that they obtained do not match other data, 21, 23 we are compelled to assign the encountered features. The fundamental frequencies of aЈ and aЉ symmetry corresponding to the CH 3 moiety of methylamine 21, 23 2 7 +2 15 , 5 + 6 ,2 5 , and 2 12 , respectively, implying that combinations and overtones of CH 3 correspond to the excited modes that lead to higher enhancement in the action spectrum.
To determine the enhancement factors we found the ratio between the peak areas corresponding to the same feature in the action and PARS spectra. The enhancement factor for 2 was set to 1.0 and those obtained for the other states were normalized to it, leading to values of 1.2 for 3 and of 1.7-2.5 for the states including CH 3 bends. This mode dependent enhancement for combinations and overtones of CH 3 bends suggests that these modes survive intramolecular vibrational redistribution ͑IVR͒ 24 and promote H photofragmentation more effectively than C-H stretches.
It is evident that the dissimilarity in behavior of methylamine molecules initially excited with C-H stretches and CH 3 bends does not arise from the different energies available for dissociation, since they are comparable for both types of motion monitored by spanning over the combined energies ͑SRE+UV photons͒ of ϳ43 900− 44 100 cm −1 . Therefore, it seems that the vibrational mode dependence of the H photofragment could originate from larger Franck Condon ͑FC͒ factors for the UV excitation.
The H atoms can be released from two moieties, the methyl and the amine groups, but the photodissociation occurs through N-H bond fission, the major dissociation channel. [11] [12] [13] [14] To explore whether the larger FC factor facilitates the photodissociation, the REMPI spectrum of the parent, Fig. 1͑c͒ , was monitored by SRE and temporally overlapping UV excitation. This induces electronic excitation to the Ã state and parent ionization ͑see inset of Fig. 1͑c͒͒ and shows a similar pattern to that of the H action of Fig. 1͑b͒ . The similarity of the molecular REMPI and H action spectra and the fact that the REMPI process probes directly the electronic transition, indicates that the initial, sustained vibrational excitation to selected overtones or combinations of the deformation results in larger FC factors.
The larger enhancement of bending modes in methylamine resembles previous findings in four atom molecules, C 2 HD, C 2 H 2 , and HNCO where excitation of combination bands including bending, affected considerably the FC factor and bond fission.
3,19,25-29 However, it is quite surprising to find out that methylamine, a seven atom molecule, shows dependence of the dissociation or ionization on the components of the initially prepared eigenstates. Usually vibrational mode-specificity is expected to be less likely as the molecule becomes larger, due to vibrational states coupling to bath states or IVR. This view stems from the fact that the density of vibrational states in an energetic window increases with molecular size, and as a result mode-specificity is washed out by diluting the make-up of the initially prepared state.
Moreover, previous works pointed out that IVR is accelerated in flexible molecules when the prepared vibration is close to the center of flexibility. 30, 31 In particular, the dependence of IVR rates on the internal rotation barrier height was carefully studied in four to twelve atom molecules. 31 It was shown that there is a systematic decrease in IVR lifetimes as the barrier is decreased from 1700 cm −1 to 400 cm −1 . Following the conclusions of that study it is inferred that methylamine, which is characterized by a torsion barrier of 718 cm −1 , 10 ought to have IVR lifetimes Ͻ200 ps. However, the results presented here for photodissociation clearly show that the initially prepared states live considerably longer, sustaining their nuclear motion and leading to favorable FC factors and thus to enhanced dissociation. Were IVR complete on the ns timescale of the present experiment, one might expect FC factors from either initially prepared states to be identical. In contrast, the differing FC factors point to a persisting difference in the vibrational character of the excited states.
The excitation of methylamine with combined SRE+ UV energies of ϳ43 900-44 100 cm −1 accesses the 7 Ј+2 9 Ј ͑ 7 Ј-CH 3 rock and 9 Ј−NH 2 wag͒ combination band on the Ã state. 15 The above mentioned enhancement of the FC factor can thus be explained by a better overlap of the initially prepared bending states ͑as compared to the C-H stretch states͒ with the 7 Ј+2 9 Ј state. Relying on the severe homogenous broadening that was found for the Ã 7 Ј+2 9 Ј state, the consequent Ͻ0.24 ps lifetime and the huge effect on the predissociation rate by the H and D substitution of the amino moiety 15 it seems that the dissociation channel involves N-H bond breaking. Furthermore, calculations by Dunn and Morokuma 17 predict that the Ã state potential for N-H bond fission is characterized by small barrier ͑around 44 420 cm −1 ͒ at short range and at larger bond extensions by a CI with the X state ͑see inset of Fig. 1͑b͒͒ . Since the excitation here is somewhat below the barrier it is feasible that the H fragments are released via tunneling through the barrier to produce mainly H + CH 3 NH͑X ͒ fragments. In summary, these first time studies employed SRE to measure the state-resolved photodissociation and photoionization of methylamine pre-excited to C-H stretch vibrations and isoenergetic overtone and combination states of CH 3 bends. We have found that both C-H stretch and bend vibrations play a role, but the latter is more effective in enhancing both photodissociation and photoionization. This modedependence indicates that these modes survive IVR in a molecule with torsional degree of freedom on a time scale significantly longer than that inferred from previous studies. Clearly, more experimental and theoretical work is needed to further enlighten the issue of localization and restricted energy flow 32 and the effects of different skeletal motions on the photodissociation and photoionization of methylamine and even larger polyatomics.
